The ESX-1 secretion system plays a critical role in the virulence of M. tuberculosis and M. marinum, but the precise molecular and cellular mechanisms are not clearly defined. Virulent M. marinum is able to escape from the Mycobacterium-containing vacuole (MCV) into the host cell cytosol, polymerize actin, and spread from cell to cell. In this study, we have examined nine M. marinum ESX-1 mutants and the wild type by using fluorescence and electron microscopy detecting MCV membranes and actin polymerization. We conclude that ESX-1 plays an essential role in M. marinum escape from the MCV. We also show that the ESX-1 mutants acquire the ability to polymerize actin after being artificially delivered into the macrophage cytosol by hypotonic shock treatment, indicating that ESX-1 is not directly involved in initiation of actin polymerization. We provide evidence that M. marinum induces membrane pores ϳ4.5 nm in diameter, and this activity correlates with ESAT-6 secretion. Importantly, purified ESAT-6, but not the other ESX-1-secreted proteins, is able to cause dose-dependent pore formation in host cell membranes. These results suggest that ESAT-6 secreted by M. marinum ESX-1 could play a direct role in producing pores in MCV membranes, facilitating M. marinum escape from the vacuole and cell-to-cell spread. Our study provides new insight into the mechanism by which ESX-1 secretion and ESAT-6 enhance the virulence of mycobacterial infection.
Mycobacterium tuberculosis infects one-third of the world's population and kills 2 to 3 million people each year (13) . The molecular and cellular mechanisms governing the pathogenesis of M. tuberculosis are beginning to be elucidated but are not fully understood. Mycobacterium marinum is a close relative of M. tuberculosis. M. marinum causes a tuberculosis-like disease in fish with symptoms similar to those of human tuberculosis and has been used as a surrogate model for studying the pathogenesis of M. tuberculosis (7, 17, 20, 46, 47) .
Previous studies have identified and partially characterized a specialized protein secretion system, ESX-1, in M. tuberculosis (14, 23, 24, 33, 44) and M. marinum (17, 50) . This secretion system has recently been named the type VII secretion system (1) . ESX-1 is encoded by genes of RD1 (region of difference 1) (24, 33, 44) and its surrounding region (23, 34) , together termed extRD1 (4, 17) . RD1 encompasses nine genes in M. tuberculosis (Rv3871 to Rv3879c) that are deleted from the attenuated vaccine Mycobacterium bovis BCG (2, 22) . M. tuberculosis and M. marinum utilize ESX-1 to export virulence proteins that do not have the conventional SecA-dependent signal peptide sequences (17, 24, 33, 44, 50) . The proteins that are secreted by ESX-1 and involved in virulence include ESAT-6, CFP-10, EspA, and Mh3881c (or EspB) (14, 17, 23, 28, 34, 50) . During secretion, Mh3881c is cleaved close to its C terminus to produce two fragments with apparent molecular masses of 50 and 11 kDa (28, 50) . Inside the bacterial cytosol, the C-terminal sequence of Mh3881c interacts with ESAT-6, and this interaction is essential for the secretion of .
ESX-1 plays a critical role in the virulence of M. tuberculosis and M. marinum in vitro and in vivo (14, 17, 23, 24, 33, 44, 46) , but the precise molecular and cellular mechanisms are not clearly defined. We previously reported that M. marinum is able to escape from the Mycobacterium-containing vacuole (MCV) into the host cell cytosol, where M. marinum is able to polymerize host cell actin and spread from cell to cell (42) . However, the M. marinum genes involved in mycobacterial escape from the MCV and actin polymerization have not been characterized. Because mutations in various ESX-1 genes abolish M. marinum cell-to-cell spreading (17) , we hypothesized that the ESX-1 secretion system could secrete a pore-forming protein into the MCV to compromise the integrity of the vacuole membrane and facilitate the escape of M. marinum into the host cell cytosol. In this study, we show that ESX-1 plays an essential role in the escape of M. marinum from the MCV. We provide evidence that ESX-1 secretion and secreted ESAT-6 play a critical role in causing pore formation in host cell membranes. These results suggest that ESAT-6 secretion by ESX-1 may cause membrane pore formation in the MCV, facilitating M. marinum escape from the vacuole and spreading. lysis assay as previously described (15, 17) . Briefly, M. marinum grown in 7H9 medium to mid-log phase was washed twice with PBS. A volume of 1.3 ml of M. marinum suspension (containing 2.5 ϫ 10 9 bacteria) was mixed with 400 l of sheep red blood cells (sRBC; Quad Five) (containing 1 ϫ 10 8 cells) in a microcentrifuge tube and centrifuged at 8,000 ϫ g for 2 min. The tubes were incubated at 32°C for designated periods of time. The pellets were then resuspended and centrifuged, and the A 405 of the supernatants was measured. To examine the role of energy-dependent secretion in membrane pore formation, M. marinum WT bacteria were pretreated for 15 min with 20 M carbonyl cyanide m-chlorophenylhydrazone (CCCP) to uncouple the proton motive force and then incubated with sRBC in the presence of CCCP for 2 h. To observe the reversibility of CCCP in hemolysis, the pellet containing M. marinum and red blood cells was resuspended in PBS and then repelleted and further incubated for 2 h before measurement of hemolysis.
In the polyethylene glycol (PEG) osmoprotection experiment, PEG1000, PEG3350, PEG6000, and PEG8000 were resuspended in PBS and added to red blood cells with or without M. marinum to a final concentration of 30 mM. Hemolysis was measured after 2 h of incubation at 32°C. To determine if protection from hemolysis by PEG8000 is reversible, the pellet containing M. marinum and red blood cells was resuspended in PBS and then repelleted and further incubated for 2 h before measurement of hemolysis. To estimate membrane pore size, the various PEGs were resuspended in PBS at the following ranges of osmolarities: PEG1000, 1.0, 2.0, 3.0, and 4.0 M; PEG3350, 0.2, 0.4, 0.6, 0.8, and 1.0 M; PEG6000, 0.2, 0.3, 0.4, and 0.5 M; PEG8000, 0.1, 0.2, and 0.3 M. The osmolarity required for each PEG to provide 50% protection from hemolysis was determined and plotted against the Einstein-Stokes molecular diffusion radium, R ES (40) .
Expression and purification of recombinant ESX-1 proteins. The rESAT-6-His (6) , rCFP-10-His (6) , and rMh3881c-His (6) proteins were affinity purified and had endotoxins removed. The rESAT-6-His (6) and rCFP-10-His (6) proteins were obtained from Colorado State University under the NIH TB Research Materials Contract. The inclusion bodies containing rESAT-6-His (6) were solubilized with 6 M urea, and the protein was purified with the His-Bind resin (Novagen). Endotoxins were removed by washing the column with 10 mM Tris-HCl, followed by 0.5% ASB-14. The protein was eluted with 10 mM Tris-HCl containing 1 M imidazole. The eluted protein was dialyzed against 10 mM ammonium bicarbonate. The residual concentration of endotoxins was Յ0.24 ng/mg protein. Two lots were obtained, one produced in 2001 and the other in 2007. Both lots were used for the analysis of membrane pore formation, and similar results were observed. We expressed and purified the rMh3881c-His (6) protein by using procedures similar to those described above.
Detection of pore formation by purified ESX-1 proteins. To determine the ability of ESX-1-secreted proteins to induce membrane pore formation, the above-described purified rESAT-6-His (6) , rCFP-10-His (6) , or rMh3881c-His (6) in a 50-l volume was mixed with 100 l of sRBC (containing 1 ϫ 10 9 cells) in a microcentrifuge tube. The tubes were incubated at 32°C for designated periods of time. The cells were then resuspended and centrifuged at 4,000 rpm for 7 min. The supernatants were transferred to corresponding wells in a 96-well plate, and the A 405 was measured. In the PEG osmoprotection experiment, PEG1000, PEG3350, PEG6000, and PEG8000 were resuspended in PBS and added to the red blood cell-protein mixture at a final concentration of 30 mM. Hemolysis was measured after 2 h of incubation at 32°C.
Detection of pore formation in macrophage cell membranes. M. marinum strains grown to mid-log phase were washed twice with DMEM, added to macrophage monolayers at an MOI of 50, centrifuged for 10 min at 1,500 ϫ g to allow immediate bacterium-cell contacts, and incubated at 32°C in 5% CO 2 for designated periods of time. The release of lactate dehydrogenase (LDH) by the infected and noninfected cells was measured with a CytoTox-One Homogeneous Membrane Integrity Assay kit (Promega) at an excitation wavelength of 560 nm and an emission wavelength of 590 nm. Pore formation in macrophage cell membranes was determined by an osmoprotection assay with various PEGs at a final concentration of 30 mM. To examine the induction of pore formation in macrophage cell membranes by rESAT-6-His (6) , rCFP-10-His (6) , or rMh3881c-His (6) , the proteins were dissolved in DMEM and added individually to Raw264 cells in a 96-well plate at designated concentrations. After 2 h of incubation at 32°C in 5% CO 2 , the release of LDH was determined.
To detect membrane pore formation by a microscopic method, infected or noninfected macrophages were incubated with ethidium homodimer-1 (Molecular Probes) and penetration of the cell by ethidium homodimer-1 across the membranes was detected by fluorescence microscopy. In brief, macrophages were incubated for 40 min in phenol red-free culture medium containing ethidium homodimer-1 (4 M) and calcein AM (2 M), followed by imaging. (50) . In brief, WT and mutant M. marinum cells were first grown in 7H9 medium to mid-log phase. The bacteria were then washed and diluted 10 times in Sauton's medium and cultured for 2 days to reach mid-log phase. The bacteria were washed again and diluted 10 times in Sauton medium and cultured for another 2 days. The culture supernatant was collected, filtered through a 0.2-m filter, and concentrated 100 times with a Centricon centrifugal filter with a molecular weight cutoff of 3,000. The cell lysate was obtained by bead beating the bacterial pellet.
Western blotting. Proteins were separated by 4 to 20% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane. After blocking with 2% bovine serum albumin, the membrane was incubated with a primary antibody diluted in 2% bovine serum albumin overnight, followed by incubation for 1 h with a horseradish peroxidase-conjugated secondary antibody (Bio-Rad). The membrane was developed by enhanced chemiluminescence (Pierce) and exposed to films. The following primary antibodies were used at the dilutions indicated: anti-ESAT-6 (monoclonal antibody HYB 76-8; Abcam), 1:3,000; anti-CFP-10 (Colorado State University, NIH contract NO1-AI-75320), 1:2,000; anti-Mh3881c (Michael Lodes, Corixa Corporation, Seattle, WA), 1:5,000.
RESULTS
ESX-1 is essential for M. marinum to escape from the vacuole. M. marinum is able to escape from the MCV into the host cell cytosol, polymerize actin, and spread from cell to cell (17, 42, 43) . Because mutations in various ESX-1 genes abolish M. marinum spreading (17), we hypothesized that the ESX-1 secretion system may play a role in either the escape of M. marinum from the MCV or initiation of actin polymerization. We first determined if ESX-1 is involved in M. marinum escape from the vacuole. We examined the association of WT or ESX-1 mutant bacteria with the vacuole membranes in live macrophages by using a fluorescent membrane dye, DiI. DiI is frequently used to label the live cell membranes and has worked well in previous studies labeling MCV membranes (42) . As shown in Fig. 1A to C and Table 1 , at 72 h postinfection only a small fraction (18%) of the WT bacteria colocalized with DiI, suggesting that the majority of the bacteria entered the cytosol. In sharp contrast, for all of the nine ESX-1 mutants examined, the majority of the bacteria (Ն80%) colocalized with DiI ( Fig. 1D to F and Table 1 ), indicating that they reside predominantly within MCV membranes. To confirm the above observations, we used transmission electron microscopy to examine in greater detail the association of M. marinum with vacuole membranes. This study shows that only a small fraction of the WT bacteria are bound with MCV membranes (36%), while most are free of the membrane (64%) ( Fig. 2A and Table  1 ). On the other hand, for the four ESX-1 mutants examined, more than 98% of the bacteria are surrounded by MCV membranes ( Fig. 2B and Table 1 ). The mutants used in the above assays contain mutations in either the ESX-1 secretion apparatus (such as mh3877::tn and mh3871::tn) or the secreted substrates (such as ⌬esat-6, ⌬cfp-10ϩesat-6, and mh3881c::tn). Because the two groups of mutants showed similar phenotypes (Table 1) , these results indicate that the ESX-1 secretion system plays a critical role in the escape of M. marinum from the MCV.
M. marinum escape from the vacuole is required for the polymerization of actin. Next, we determined if ESX-1 is required for M. marinum to initiate actin polymerization. At 72 h postinfection, 34% of the WT bacteria showed actin polymerization at one pole of the bacterium, forming the "actin comet tail" (Fig. 3A to C and Table 1 ), similar to previous observations (42, 43) . In contrast, none of the nine ESX-1 mutants were able to polymerize actin ( Fig. 3D to F and Table 1) .
One possible explanation for the above results is that an ESX-1-secreted protein is directly involved in the recruitment and polymerization of actin. Alternatively, an ESX-1-secreted protein could be involved in compromising the integrity of MCV membranes to facilitate M. marinum escape into the host cell cytosol. To distinguish between these two possibilities, we treated the infected macrophages with a hypotonic solution to artificially deliver the ESX-1 mutant bacteria into the cytosol and then reexamined actin polymerization. Okada and Rechsteiner (31) showed elegantly that hypotonic shock treatment causes lysis of pinocytic/endocytic vesicle membranes without disrupting the plasma membrane. This finding supports that the hypotonic shock treatment could facilitate entry of the ESX-1 mutant bacteria into the host cell cytosol. Indeed, as shown in Fig. 4 , after the treatment, mh3868::tn gained the ability to polymerize actin. Similar results were observed with mh3881c::tn (data not shown). These results indicate that the defect in the ability of the ESX-1 mutants to polymerize actin is due to their inability to escape from the vacuole rather than a deficiency in initiation of actin polymerization. They also provide direct evidence that M. marinum initiates actin polymerization only after it enters the host cell cytosol. Moreover, they suggest that ESX-1 is involved in secreting a pore-forming Evidence for membrane pore formation by M. marinum ESX-1. Listeria monocytogenes represents a group of bacteria that are able to disrupt the vacuole membranes to enter the host cell cytosol by the secretion of pore-forming proteins (41) . We hypothesized that the ESX-1 secretion system may play a similar role to facilitate M. marinum escape into the host cell cytosol. A direct test of this hypothesis would require the analysis of pore formation in the MCV membranes of infected cells, which is technically challenging. In an attempt to address this hypothesis, we took an alternative approach. We incubated M. marinum with host cells at a relatively high MOI and ex- amined pore formation in the cell plasma membranes. Membrane pore formation was determined by an osmoprotection assay (40) which has been used in a number of studies to demonstrate membrane pore formation and estimate pore size. This assay has been used to detect membrane pores and estimate the size of pores induced by pathogens such as Gardnerella vaginalis (30) , Legionella pneumophila (26) , Shigella flexneri (3), and Pseudomonas aeruginosa (8) . We first determined if the hemolysis of red blood cells induced by M. marinum could be blocked by PEGs of various molecular weights. The lysis of red blood cells (hemolysis) by pore-forming proteins occurs through osmotic shock, which can be prevented by osmoprotectants that have larger sizes than the membrane pores (3, 8, 26, 29) . As shown in Fig. 5A , WT M. marinum caused contact-dependent hemolysis of red blood cells, which was blocked completely by PEG8000 (6.4 nm in diameter) and 60% by PEG6000 (5.0 nm) but not blocked by PEG3350 (3.8 nm). Importantly, the blocking effect of PEG8000 is reversible, as indicated by the recovery of hemolysis after the removal of PEG8000 (Fig. 5A) . We then examined pore formation in macrophage cell membranes with a similar assay in which different-size PEGs were used to block the release of LDH from infected macrophages. We found that WT M. marinum caused the release of LDH from macrophages, which was blocked completely by PEG8000 but not by PEG3350. Together, the results of both assays suggest that M. marinum causes contactdependent pore formation in host cell membranes.
To estimate the size of the membrane pores produced by M. marinum, PEGs of different sizes were used at various concentrations to determine the osmolarity required for each PEG to provide 50% protection from hemolysis (26, 40) . Figure 5B shows the osmolarity of each PEG that provides 50% protection as a function of its Einstein-Stokes molecular diffusion radium, R ES (40) . The response curve is hyperbolic and approaches a membrane stabilization limit asymptotically. By using a similar method developed by Scherrer and Gerhardt (40), we estimated pore size by extrapolating to the zero abscissa the linear regression between PEG1000 and PEG3350, and the intercept at R ES of 2.25 is believed to represent the radius of the membrane pore.
We then determined if ESX-1 plays a role in membrane pore formation. As shown in Fig. 6A and B, mutations in either the ESX-1 secretion apparatus (mh3877::tn and mh3871::tn) or the secreted substrate (⌬esat-6) completely abolished the ability of M. marinum to induce membrane pore formation, demonstrating that ESX-1 secretion plays an essential role in this process. To determine if continuous ESX-1 secretion or predeposition of ESX-1-secreted proteins on the bacterial surface is necessary to cause pore formation, we treated WT M. marinum with CCCP, a membrane deenergizer that blocks energy-dependent pathways including ESX-1. Figure 6C shows The osmolarity of each of the PEGs (PEG1000, PEG3350, PEG6000, and PEG8000) required to provide 50% protection from hemolysis is plotted as a function of its EinsteinStokes molecular diffusion radium, R ES (40) . The R ES value for each PEG is as follows: PEG1000, 1.0 nM; PEG3350, 1.9 nM; PEG6000, 2.5 nM; PEG8000, 3.2 nM. The graphs are the summation of two independent experiments, each performed in duplicate, and error bars indicate standard deviations. Evidence for membrane pore formation by ESX-1-secreted ESAT-6. Three known ESX-1-secreted proteins, ESAT-6, CFP-10, and Mh3881c, are codependent for secretion (50) . To determine the relative role of each individual protein in pore formation, we compared the hemolysis levels induced by different M. marinum strains producing various amounts of these proteins. We have shown previously that Mh3881c is cleaved during secretion to produce an N-terminal 50-kDa and a Cterminal 11-kDa fragment (apparent molecular masses) (50; Fig. 7, lane 1) . The 50-kDa fragment is relatively stable and present at abundant levels in the culture supernatant, while the majority of the 11-kDa fragment is degraded proteolytically (50; data not shown). As shown in Fig. 7 , mh3881c::tn fails to secrete these three proteins and is defective in pore formation (lane 2). Both the secretion and pore formation defects of this mutant are almost fully restored by expression of the WT mh3881c gene (lane 3). On the other hand, when only the N-terminal 50-kDa fragment of Mh3881c was expressed in this mutant, it was secreted by the mutant at levels comparable to 
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those produced by WT bacteria, but ESAT-6 secretion was not detected and CFP-10 secretion was minimal (lane 4). Because this strain shows a complete defect in pore formation, the data suggest that Mh3881c, or at least the 50-kDa fragment, does not contribute directly to pore formation. To determine if the secretion of ESAT-6 or CFP-10 plays a role, we examined pore formation by ⌬esat-6 and the complementation strain. ⌬esat-6 fails to secrete these three proteins and is defective in pore formation (lane 5). Expressing esat-6-His (6) in ⌬esat-6 substantially restored the secretion of ESAT-6 and Mh3881c, although CFP-10 secretion was only recovered by a marginal level (lane 6). The reason that we used esat-6-His (6) instead of esat-6 was to express this protein in a form that is exactly the same as the recombinant protein used in other assays (see below). Because this strain shows a substantial increase in hemolysis, which correlates with the much increased ESAT-6 secretion, the results suggest that ESAT-6 secretion plays a more important role in pore formation.
To determine if ESAT-6 has a direct role in membrane pore formation, we examined the pore-forming activity of recombinant ESAT-6 [rESAT-6-His (6) ] purified from Escherichia coli and compared it to that of rCFP-10-His (6) or rMh3881c-His (6) . These recombinant proteins were affinity purified and free of detergents and had endotoxins removed (see Materials and Methods for details). As shown in Fig. 8A , rESAT-6-His (6) from M. tuberculosis produced dose-dependent hemolysis after a 2-h incubation, i.e., partial hemolysis at 15 g/ml and complete hemolysis at 30 g/ml, almost equivalent to lysis with H 2 O. In contrast, neither rCFP-10-His (6) from M. tuberculosis nor rMh3881c-His (6) from M. marinum caused hemolysis, even at a higher concentration of 60 g/ml (Fig. 8B) or 120 g/ml (data not shown). The combination of rESAT-6-His (6) with rCFP-10-His (6) or with rMh3881c-His (6) produced hemolysis at levels similar to those produced by rESAT-6-His (6) alone (data not shown). Hemolysis induced by rESAT-6-His (6) was not due to the residual endotoxins present in the recombinant protein preparations (Յ0.24 ng/mg protein), since lipopolysaccharide at a concentration of 0.007 ng/ml [equivalent to the level of endotoxins present in rESAT-6-His (6) at a concentration of 30 g/ml] failed to induce a detectable level of hemolysis (data not shown). Consistent with the hemolysis results, rESAT-6-His (6) at 60 g/ml, but not rCFP-10-His (6) or rMh3881c-His (6) (even at 120 g/ml), caused release of LDH from macrophages (Fig. 8C) . Permeation of macrophage cell membranes was similarly observed by microscopic detection of penetration of ethidium homodimer-1 across the plasma membrane into the cytosol to stain the nuclei red (Fig. 8D) . These results together suggest that ESAT-6 may play a direct role in membrane pore formation.
To provide a more direct demonstration that ESAT-6 by itself can induce pore formation in cell membranes, we performed an osmoprotection assay similar to that described above. As shown in Fig. 9A , the hemolysis induced by rESAT-6-His (6) was blocked completely by 30 mM PEG8000 and PEG6000, ϳ40% by PEG3350, and to a small extent by PEG1000. The facts that hemolysis is induced by rESAT-6-His (6) and that it can be blocked by PEGs of increasing sizes indicate that ESAT-6 indeed plays a direct role in membrane FIG. 8 . Purified ESAT-6, but not CFP-10 or Mh3881c, plays a direct role in causing pore formation in host cell membranes. (A) rESAT-6-His (6) induces dose-dependent pore formation in red blood cell membranes. The protein was incubated with red blood cells for 2 h before measurement of hemolysis. (B) rESAT-6-His (6) , but not rCFP-10-His (6) or rMh3881c-His (6) , induces pore formation in red blood cell membranes. The proteins were incubated with red blood cells for 2 h before measurement of hemolysis. (C) rESAT-6-His (6) , but not rCFP-10-His (6) or rMh3881c-His (6) , induces pore formation in macrophage cell membranes. J774 macrophages were incubated with the proteins in cell culture medium for 2 h before measurement of LDH release. H 2 O was used to obtain complete lysis of the macrophages. (D) Detection of ESAT-6-induced membrane pore formation by fluorescence microscopy. J774 macrophages were incubated with rESAT-6-His (6) , rCFP-10-His (6) , or rMh3881c-His (6) on October 31, 2017 by guest http://iai.asm.org/ pore formation. It was noticed that the membrane pores induced by rESAT-6-His (6) are somewhat smaller than those produced by the bacteria (see Discussion). We further characterized the ESAT-6-induced membrane pores by determining the kinetics of hemolysis produced by rESAT-6-His (6) . Figure  9B shows that rESAT-6-His (6) at 30 g/ml caused 75% hemolysis after a 5-min incubation, which increased to 93% after 10 min. This is almost equivalent to the hemolysis produced by H 2 O, which caused 95% and complete hemolysis after 5 and 20 min of incubation, respectively.
DISCUSSION
The ESX-1 (type VII) secretion system plays an important role in the virulence of M. tuberculosis and M. marinum, but the precise molecular and cellular mechanisms by which it enhances virulence are not clearly defined. This paper describes a comprehensive study of these mechanisms which has led to several important observations. Firstly, by examining nine M. marinum ESX-1 mutants and the WT by fluorescence and electron microscopy detecting MCV membranes, this study demonstrates conclusively that ESX-1 plays an essential role in the escape of M. marinum from the MCV. The role of vacuole escape in mycobacterial pathogenesis is not clearly understood. The observations that M. marinum can polymerize actin inside host cell cytosol and spread from cell to cell (17, 42, 43) suggest that vacuole escape may play a role in mycobacterial spreading.
Secondly, we show that the ESX-1 mutant bacteria are able to polymerize actin after being delivered into the host cell cytosol by hypotonic shock treatment. This result suggests that the defect in the ability of the ESX-1 mutants to polymerize actin during normal cell infection is due to their inability to escape from the MCV rather than a deficiency in initiation of actin polymerization. This conclusion helps to redirect future research efforts aimed at identifying the mycobacterial molecules directly responsible for initiating actin polymerization. In addition, since this assay clearly shows that M. marinum induces actin polymerization only after it enters the cytosol, it suggests that actin tails can be used as a readout of cytosolic localization for M. marinum.
Thirdly, this study demonstrates for the first time that M. marinum utilizes ESX-1 to produce membrane pores ϳ4.5 nm in diameter in red blood cells and macrophages. Importantly, purified ESAT-6 by itself at a concentration of 30 g/ml is sufficient to cause pore formation in cell membranes. These observations are a significant advancement of the previously published works. For example, M. tuberculosis (24) and M. marinum (17) have been shown to induce the permeation of cell membranes, and here we demonstrate that the cause of this permeation is pore formation. In addition, earlier studies show that purified ESAT-6 can cause permeation of liposome membranes (9, 24) , and here we show that it causes pore formation in cell membranes. Our study suggests that ESAT-6 secreted by M. marinum ESX-1 could play a direct role in causing pore formation in MCV membranes to facilitate mycobacterial escape from the vacuoles.
We have noticed that purified ESAT-6 induces membrane pores that are somewhat smaller than those produced by bacteria. We hypothesize that the membrane pores could be formed by the insertion of multimers of ESAT-6, exposing their hydrophobic surface to the lipid bilayer and their hydrophilic surface to the center of the pore. This model suggests that the number of ESAT-6 molecules inserted to form a pore could determine the size of the pore. It is possible that ESAT-6 secreted by M. marinum ESX-1 at the bacterium-cell contact site could have optimal insertion and/or multimerization to produce pores larger than those produced by the protein alone. Alternatively, it is possible that certain bacterial surface structures or molecules or some other secreted molecules could enhance membrane pore formation. For example, the secretion of phospholipases C by Listeria plays a role in enhancing membrane pore formation by the pore-forming toxin listeriolysin O (21) . M. marinum and M. tuberculosis contain multiple copies of phospholipase C (6, 45) , and M. tuberculosis has been shown to secrete phospholipase C (35) . The involvement of phospholipase C in membrane pore formation is worthy of further investigation.
A topic related to the above is whether ESAT-6 alone or ESAT-6 in complex with CFP-10 or the other ESX-1-secreted proteins forms the membrane pores during mycobacterial infection. Thus far, the published studies have assigned the membrane destabilization activity to ESAT-6 alone (9, 24). Our results are consistent with these studies in that ESAT-6 alone causes pore formation. Then, the question comes if the poreforming activity of ESAT-6 is biologically plausible, considering that some studies show that ESAT-6 and CFP-10 can interact with each other and can form a tight 1:1 complex (36, 37) . However, our studies suggest that not all of the ESAT-6 and CFP-10 molecules have to be held in an exact 1:1 complex, and this does not contradict the published results. We have shown that Mh3881c forms a complex with ESAT-6 (50). When Mh3881c is pulled down from M. marinum cell lysate, ESAT-6 coprecipitates with Mh3881c; however, no CFP-10 is detected in the precipitate (50) . In addition, as shown in Fig. 7 , the ⌬esat-6 complementation strain produces a much more abundant level of ESAT-6 than CFP-10 in the culture super- FIG. 9 . Purified ESAT-6 induces pore formation in red blood cell membranes. (A) Membrane pores induced by rESAT-6-His (6) were blocked by PEGs of appropriate sizes in an osmoprotection assay. Hemolysis was also completely blocked by 30 mM PEG6000 (data not shown). (B) The kinetics of membrane pore formation induced by ESAT-6. The concentration of rESAT-6-His (6) was 30 g/ml for both panels. Error bars indicate standard deviations of data from two or three independent experiments, with each performed in duplicate. A recent study showed that ESAT-6 in a concentration range of 2 to 5 g/ml can induce apoptosis of macrophages after overnight incubation (11) . This result does not conflict with our observation in the present study. By using this concentration range of ESAT-6, we were not able to detect apparent membrane pore formation in red blood cells and macrophages (Fig. 8) . It is possible that the insertion and multimerization of ESAT-6 in cell membranes also depend on the concentration of ESAT-6 (indeed, we have observed a dose-dependent induction of membrane pore formation by ESAT-6; Fig. 8A ), and 2 to 5 g/ml might be below a critical concentration of ESAT-6 required to induce pore formation. On the other hand, since this sub-pore-forming concentration of ESAT-6 was shown to induce cell apoptosis (11) , it suggests that ESAT-6 might use one domain to induce pore formation and another to induce apoptosis. In this regard, it has recently been shown that the C-terminal six amino acids of ESAT-6 can bind to macrophage surface Toll-like receptor 2 to modulate host cell signaling (32) . Whether this interaction plays a role in the induction of apoptosis remains elusive and deserves further investigation. It should also be noted that the time course in the induction of apoptosis is very different from that in pore formation. While apoptosis is observed after an overnight incubation (11) , pore formation is detected in minutes (this study). This analysis suggests that ESAT-6 may change its mode of action quite dramatically when present at different concentrations: either apoptotic or pore forming. Further studies on the structure and function of ESAT-6 will not only provide insight into the virulence mechanisms of mycobacterial infection but also promote the development of important tools based on ESAT-6 for research in broad areas of cell biology and immunobiology studies.
Finally, several studies have observed that M. tuberculosis can also escape from vacuoles into the host cell cytosol (27, 49) and that ESX-1 plays a role in this process (49) , although this has not been consistently observed by some other researchers (5, 10, 39) . In these studies that have observed M. tuberculosis escape from the vacuole, most of the observations were made by detailed electron microscopic examinations. One argument in the field is that during sample processing for electron microscopy, some of the cell membranes may not be preserved well, causing false-positive results. Therefore, using alternative methods for detection of MCV membranes is crucial and should provide additional confirmation of the electron microscopic observations. In this regard, in this study we have used three additional methods besides electron microscopy to confirm the association of M. marinum with MCV membranes. One method detects fluorescent labeling of MCV membranes by using the DiI stain in live cells, which avoids the perturbation of membranes that could be generated by the other detection methods. The second method detects polymerization of actin by M. marinum by fluorescence microscopy. Since WT M. marinum, but not the ESX-1 mutants, is able to polymerize actin, the data indicate that WT bacteria, but not the ESX-1 mutants, are able to escape from the vacuole. The third method uses hypotonic shock treatment to artificially deliver the ESX-1 mutant bacteria into the host cell cytosol, and then actin polymerization by the mutant bacteria is determined. We show that the ESX-1 mutants acquire the ability to polymerize actin after hypotonic shock treatment, confirming that the mutant bacteria reside within MCV membranes before the treatment but enter the cytosol after. However, actin polymerization has not been observed for M. tuberculosis in host cells (49) , which makes this method unavailable for the detection of escape of M. tuberculosis from the vacuole. Nonetheless, as several recent studies show that M. tuberculosis can cause lysis of host cell plasma membranes in vitro and in vivo (12, 24, 25) , these results suggest that M. tuberculosis could compromise vacuole membranes at a certain step of infection. This analysis suggests that escaping into the host cell cytosol could be a common strategy of pathogenic mycobacteria, while it occurs frequently and evidently in M. marinum infection. The reproducibility of observations and ease of manipulation make M. marinum an ideal system for studying these cellular processes important for the pathogenesis of mycobacteria.
